During Drosophila oogenesis, spatially restricted activity of the TORPEDO receptor tyrosine kinase first recruits follicle cells adjacent to the oocyte to a posterior cell fate and then specifies dorsal follicle cells. Another receptor tyrosine kinase, BREATHLESS, stimulates migration of the anterior follicle cells known as border cells. Since Ras is known to mediate many receptor tyrosine kinase effects, we have investigated the role of Ras in follicle cell fate determination, differentiation, and migration throughout oogenesis. Early ectopic Ras activity induced transient expression of posterior follicle cell markers in anterior follicle cells, but did not inhibit anterior differentiation. Later ectopic Ras activity inhibited anterior follicle cell differentiation but did not induce posterior marker expression. Complete transformation of anterior follicle cells to posterior follicle cells required early ectopic Ras activity in egg chambers where terminal differentiation of anterior cells was inhibited. These results suggest that, in vivo as in vitro, Ras can have diverse effects on different cells, but, in addition, Ras activity can have different effects on the same cells at different stages in their development. ᭧ 1997 Academic Press
INTRODUCTION
and cell motility (Murphy et al., 1995) . Egg chambers of the Drosophila ovary form when 16 sibling germline cells, 15 nurse cells, and an oocyte, are surrounded by a monolayer The GTPase Ras acts as a molecular switch whose activof approximately 80 somatic follicle cells (Spradling, 1993 ; ity can cause oncogenic transformation, initiate cellular difsee also, Fig. 1 ). The follicle cells continue to divide until ferentiation, or increase cell motility, depending on the cell there are roughly 1000 cells. They then cease cell divisions type examined (Feig and Cooper, 1988; Kremer et al., 1991;  and become polyploid. Subsequently, follicle cells begin to Lee et al., 1996) . During development, Ras has been shown change shape coordinately such that the oocyte-associated to play a role in cell fate determination in several cases cells, at the posterior of the egg chamber, become columnar (Beitel et al., 1990; Han and Sternberg, 1990; Simon et al., while more anterior cells become squamous. A further mor-1991; Lu et al., 1993; Diaz-Benjumea and Hafen, 1994) .
phological rearrangement in oocyte-associated follicle cells However, given the diverse effects of Ras on cultured cells occurs in late oogenesis and depends on establishment of of various types and the numerous cell types in an embryo, dorsal-ventral polarity. Follicle cells become more densely it might be expected that Ras would affect cell differentiapacked on the dorsal side of the egg chamber and subsetion and cell motility in addition to cell fate. Furthermore, quently migrate anteriorly over the remaining nurse cells, as cells change their differentiation states over time, Ras where they secrete eggshell proteins to form the dorsal resmight be expected to have multiple effects on a single cell piratory appendages of the egg. at different times during its development.
Past studies have revealed that selective activation of the To investigate in more detail the range of roles Ras might TORPEDO (TOP) receptor tyrosine kinase (RTK), a Droplay during development we have studied the effects of alsophila EGF receptor homolog (also known as DER), in subtering Ras activity at different stages in the development of sets of follicle cells is essential for the establishment of the follicle cells of the Drosophila ovary, where the activiboth anterior-posterior and dorsal -ventral polarity of the ties of at least two receptor tyrosine kinases have been demoocyte and the follicle cell layer (Schupbach, 1987 ; Gonzaonstrated to affect cell fate determination (Price et al., 1989) lez- Reyes et al., 1995; Roth et al., 1995) . TOP/DER is uniformly expressed in follicle cells, but selectively activated, first in posterior follicle cells of early egg chambers and et al., 1993) and hs-ras N17 (a gift from Dr. Michael Simon, Stanford sumed to be achieved by virtue of the restricted domain of University) are transgenic fly strains carrying a transgene expressexpression of GURKEN (GRK), a TGF-a-related protein and ing an altered form of the Drosophila Ras1 protein under heat shock the presumed ligand for TOP (Lehmann, 1995) . GRK is lopromoter control.
calized initially to the posterior membrane of the oocyte, immediately adjacent to the oocyte nucleus. During stage 8, the oocyte nucleus moves from the posterior to one anterior
Heat Shock Treatment
corner of the oocyte. GRK mRNA and protein remain Three-day-old female adult flies were nurtured with wet yeast tightly associated with the oocyte nucleus so that, after overnight, heat-shocked by submerging fly vials into a 37ЊC water stage 8, GRK is located in the dorsal anterior corner of the bath for 20 min (unless otherwise indicated), and aged at 18ЊC for oocyte (Neuman-Silverberg and Schupbach, 1993) . Current various periods. Then, ovaries were dissected and stained. The stage models suggest that activation of the TOP receptor prevents of oogenesis at the time of heat shock was estimated by calculating posterior and dorsal follicle cells from adopting their default back from the stage at the time of analysis, considering the esticell fates, anterior and ventral, respectively. mated length of each stage of oogenesis (Spradling, 1993) .
A second RTK, BREATHLESS (BTL), plays a different role in egg chamber development, promoting the migration of a b-Galactosidase Activity Staining small subset of anterior follicle cells, known as border cells. In contrast to the majority of anterior follicle cells, which b-Galactosidase activity staining was carried out in 100 ml of take on a squamous shape and surround the nurse cells, a staining solution (10 mM NaH 2 PO 4 rH 2 O/Na 2 HPO 4 r2H 2 O(pH 7.2), 150 mM NaCl, 1.0 mM MgCl 2 , 3.1 mM K 4 (Fe II (CN) 6 ), 3.1 mM K 3 (Fe Igroup of 6-10 cells, the border cells, remains rounded at II (CN)6), 0.3% Triton X-100) with 2.5 ml of 8% X-gal in DMF. The the anterior end of the egg chamber in stage 8 and migrates, reaction was carried out at 37ЊC for 1 hr to overnight, depending during stage 9, through the nurse cell cluster to the nurse on the specific enhancer trap lines (Bellen et al., 1989). cell/oocyte border (Spradling, 1993) . It has previously been shown that the gene slow border cells (slbo) is essential for terminal differentiation and migration of the border cells
RESULTS
and encodes the Drosophila homolog of C/EBP, a transcription factor (Montell et al., 1992) . One target of C/EBP is the
Three Posterior Follicle Cell Enhancer Trap Lines
btl gene (Murphy et al., 1995) which encodes an FGF receptor homolog. Ras activity is also known to be required for In order to monitor the effects of Ras on the differentiathe normal migration of these cells (Lee et al., 1996) .
tion of posterior follicle cells, we first characterized three These observations raise several questions concerning the P-element enhancer trap lines with specific b-galactosidase effects of Ras signaling on follicle cells. For example, is Ras expression in posterior follicle cells. Distinct temporal and activity necessary and sufficient to mediate the GRK/TOP spatial expression patterns of lacZ were observed for each signal in posterior and then dorsal follicle cells? Furtherof the three lines ( Fig. 1 ). In PZ413, lacZ was specifically more, in the absence of the GRK or TOP signals, posterior expressed first in posterior follicle cells from stage 6 to stage cells are known to differentiate as border cells (Gonzalez-8 and then in dorsal follicle cells during stage 9. Finally, the Reyes et al., 1995; Roth et al., 1995) , raising the question expression was restricted to the follicle cells constructing of whether a Ras signal would be sufficient to transform dorsal appendages through stage 14. The other two P-eleborder cells to posterior follicle cells. If true, the question ment enhancer trap lines, PZ07825 and pointed rm254 would arise as to how Ras could act in border cells to pro-(pnt rm254 ), are homozygous lethal lines which fail to complemote migration without transforming their fate. We have ment each other, indicating that they are two different aladdressed these questions by expressing an inducible, actileles in the same locus, pnt. The pnt locus encodes an ETS vated Ras protein at different times during oogenesis. Our domain transcription factor (Klambt, 1993) . Several differresults suggest that transient Ras activity early in oogenesis ences in the lacZ expression patterns of the two pointed is sufficient to cause anterior follicle cells to express postelines were observed, implying that lacZ was expressed unrior follicle cell markers, but is not sufficient to inhibit der the control of different enhancers for pointed. In anterior follicle cell differentiation. Ras activity later in oo-PZ07825, lacZ was found to be specifically expressed in genesis did inhibit anterior follicle cell differentiation, anposterior follicle cells beginning at stage 8, while, in tagonizing the expression and activity of the slbo gene. pnt rm254 , lacZ expression was detected in posterior follicle Therefore, it appears that a sustained Ras signal is required cells beginning at stage 9. Differences in the responses of first to initiate posterior follicle cell differentiation and subthese lines to Ras signaling will be described further below. sequently to inhibit anterior follicle cell differentiation.
Ectopic Expression of Posterior Follicle Cell

MATERIAL AND METHODS
Markers in Anterior Follicle Cells in Response to Activated Ras Fly Strains
In the absence of signaling through the TOP RTK, poste-PZ413, PZ07825/Tm3, pointed rm254 /Tm3, and slbo 1 /Cyo (Montell et al., 1992) are all P-element enhancer trap lines. hs-ras Q13 (Lu rior follicle cells appear to differentiate as anterior follicle cells (Gonzalez-Reyes et al., 1995) , suggesting that anterior can substitute for receptor tyrosine kinase activity in promoting cell fate determination, cell differentiation, or onco-and posterior follicle cells are initially equivalent but normally take on different fates due to RTK activity in the genic transformation (Lu et al., 1993; Kremer et al., 1991; Feig and Cooper, 1988) . In the case of R7 photoreceptor posterior cells. In many instances, constitutively active Ras It has been suggested that selective activation of the TOP mal Ras signaling probably occurs as early as stage 3.
0, no expression of lacZ was detected in anterior follicle cells; and X, not determined.
Stage-Specific Effects of Activated Ras on Border Cell Development
development, activated Ras is capable of inducing not only the normal R7 cell, but also additional cells to develop as Early expression of activated Ras in anterior follicle cells appeared to induce expression of posterior follicle cell mark-R7 cells (Fortini et al., 1992) . To determine whether ectopic Ras activity might be sufficient to initiate posterior follicle ers. To address whether ectopic Ras activity had transformed anterior cells into posterior cells, we examined the cell differentiation in anterior follicle cells, we examined the effects of heat-shock-induced expression of activated effects of activated Ras on expression of the anterior marker slbo and on border cell migration, an anterior cell behavior. Ras (Ras Q13 ) on expression of posterior follicle cell markers. After crossing hs-ras Q13 together with each of the posterior Stage-specific effects of increased Ras activity on expression of slbo and on border cell migration were observed follicle cell enhancer trap lines and inducing expression of activated Ras in adult female flies, ovaries were dissected (Table 2) . Increased Ras activity at stage 8 did not eliminate expression of the slbo 1 enhancer trap or C/EBP protein (not at selected time points. Stage-specific ectopic expression of b-galactosidase in anterior follicle cells was observed for shown) but did inhibit initiation of border cell migration.
In contrast, increased Ras activity at stage 5 or 6 suppressed each of the lines examined (Table 1, Fig. 1D ). In all three enhancer trap lines, Ras activity induced in stage 3 led to slbo expression and delayed border cell migration and, surprisingly, outer follicle cell rearrangement (Fig. 2) . Increased ectopic expression of b-galactosidase in anterior follicle cells at a later time. Interestingly, different lag times were Ras activity at stage 4 reduced slbo expression. We noted that the degree of reduction in slbo expression correlated observed for each marker, and sequential induction of the three lines occurred in the normal temporal pattern. That with the extent of inhibition in the outer follicle cell rearrangement. Finally, increased Ras activity prior to stage 4 is, lacZ expression was observed beginning at stage 6 for PZ413, at stage 8 for PZ07825, and at stage 9 for pnt rm254 . had no effect on slbo expression or outer follicle cell rearrangement but did impair border cell migration. These observations suggested that ectopic RAS activity at Note. Female flies were heat shocked for 20 min and then incubated for 24, 40, 56, or 72 hr at 18ЊC. Late stage 9 egg chambers were examined for the indicated phenotypes.
Transformation of Anterior Follicle Cells into RAS and C/EBP Play Antagonizing Roles in Terminal Differentiation of Border Cells Posterior Follicle Cells Required Suppression of Anterior Cell Differentiation in Addition to Early
Increasing Ras activity at early stage 8 inhibits initiation
Ras Signaling
of border cell migration, and yet Ras activity is required in migrating border cells (Lee et al., 1996) . Since increased Ras Although ectopic Ras activity in anterior follicle cells at stage 3 was sufficient to initiate posterior cell marker activity at stage 8 did not affect expression of slbo in anterior cells, two alternative models were considered to explain expression, the expression was transient, as PZ07825 expression was no longer detected at stage 9 (Fig. 1 ). Further-why increased Ras activity at early stage 8 inhibited initiation of border cell migration. One model is that high Ras more, anterior differentiation (slbo expression and cell migration) was not suppressed. Conversely, Ras expression at activity inhibits migration by antagonizing the C/EBP-mediated terminal differentiation of border cells; an alternative stage 5 suppressed anterior cell differentiation, but only induced a subset of posterior cell markers. Therefore expres-model is that low RAS activity is indispensable to the initiation of border cell migration, for example, to allow release sion of Ras did not appear to be sufficient to completely transform anterior cells into posterior cells at either stage. of cell contacts. One prediction from the first model is that the balance Transformation of anterior cells to posterior cells did occur when transient Ras activity was induced in a slbo mu-between Ras activity and C/EBP activity is important for proper terminal differentiation of border cells. Therefore, tant background. In this experiment, pointed expression in anterior cells persisted throughout oogenesis, no sign of cell increased C/EBP activity might be able to rescue the migration defect resulting from increased Ras activity. Con-migration was observed and the outer follicle cell rearrangement was inhibited (Fig. 3) .
versely, decreased Ras activity might rescue the migration Their ovaries were fixed and stained for b-galactosidase activity. Ectopic expression of lacZ (light arrowhead) persisted in anterior follicle cells of slbo LY6 /slbo e7b mutant egg chambers. Note that these alleles, unlike slbo 1 , are not enhancer trap insertions and therefore do not direct lacZ expression from the slbo locus. In addition, no outer follicle cell rearrangement (dark arrowheads) was observed in Ras Q13treated, slbo mutant egg chambers.
defect in slbo mutant egg chambers. Previously, we noted of posterior cell markers in response to earlier Ras activity, ectopic expression of the dorsal follicle cell marker always that reduced Ras activity at stage 8 rescued the border cell migration defects in about 70% of slbo 1 mutant egg cham-persisted through the rest of egg chamber development, suggesting that high Ras activity had stably altered follicle cell bers (Lee et al., 1996) . We found that an additional copy of slbo, expressed using the GAL4-UAS system, was able to differentiation. Furthermore, the egg chambers that resulted from this treatment appeared overtly dorsalized, with dorsal rescue the border cell migration defect in hs-ras Q13 egg chambers (Fig. 4) , indicating that increased C/EBP expres-appendage material secreted around the entire anterior circumference of the egg (not shown). Thus, as expected, acti-sion counteracted increased Ras activity. Thus, low Ras activity per se was not essential to initiate migration;
vated Ras produced effects similar to those described for activated Raf. rather, Ras and C/EBP appeared to antagonize each other in terminal differentiation of border cells.
DISCUSSION
Roles of Ras Signaling in Posterior Follicle Cell Role of RAS Signaling in Specifying Dorsal Follicle Differentiation Cells
Our results suggest two distinct roles for Ras in posterior Previous studies have shown a requirement for Ras in cell differentiation: (1) initial Ras activity at stage 3 turns dorsal-ventral patterning. Females with hypomorphic muon posterior cell differentiation and (2) persistent Ras activtations at the Ras1 locus have recently been found to proity later is required to suppress anterior cell differentiation. duce eggs with ventralized eggshells (Schnorr and Berg, per-Therefore, one would predict that sustained Ras activity sonal communication). In addition, mutations in the RASwould be sufficient to transform anterior follicle cells to inactivating protein, GAP1, dorsalize the eggshell and muposterior follicle cells. We were not able to test this predictations in the RAS exchange factor, SOS, ventralize the eggtion because activated Ras under UAS promoter control was shell (Brand and Perrimon, 1994) . Activated Raf can also lethal in combination with every follicle cell GAL4 line we dorsalize the eggshell (Brand and Perrimon, 1994) .
tested, and repeated heat shocks of the hs-Ras Q13 flies caused We investigated whether ectopic Ras activity would be extensive egg chamber degeneration. However, the observasufficient to transform ventral follicle cell fates. In response tion that activated Ras did transform anterior cell fate in to Ras activity, stage-specific patterns of ectopic PZ413 exa slbo mutant background, as discussed further below, is pression were observed (Fig. 5 ). Increased Ras activity at consistent with this model. stage 8 led to ectopic expression in all oocyte-associated follicle cells. In contrast, when activated Ras was expressed
Roles of Ras Signaling in Border Cell
later, ectopic expression was gradually restricted to the an-Differentiation terior one half of oocyte-associated follicle cells. Finally, no ectopic expression was observed in response to increased
In the border cells, we found that Ras activity produced different effects at different stages in their development. Ras activity after stage 10A. Unlike the transient induction Ectopic Ras activity prior to stage 6 of oogenesis impaired border cells (Lee et al., 1996) . The observation that Ras activity can inhibit border cell migration in stage 8 but, a border cell migration, due at least in part to effects on cell fate. We found that cells that expressed both pointed and few hours later, promote migration in the same cells demonstrates that Ras activity can elicit different biological re-slbo usually initiated migration but did so later than normal border cells. This result indicates that Ras signaling proba-sponses in developing cells as their differentiation status changes. bly does not normally occur in anterior follicle cells before stage 6. After stage 7, increased Ras activity had no detectable effect on slbo expression, nor did it induce pointed et al., 1996) . At stage 8, increased Ras activity inhibited border cell migration, an inhibition that could be rescued the nurse cells gradually flatten, and, simultaneously, most follicle cells undergo movement from anterior to posterior by increased expression of slbo. Therefore, it does not appear that low Ras activity per se is required for initiation and finally form a columnar epithelium in contact with the oocyte. Little is known about the mechanism of outer of border cell migration, but rather that the balance between the differentiation-inhibiting effects of Ras and the differen-follicle rearrangement. Two observations suggest that outer follicle cell rearrangement is independent of the establish-tiation-promoting effects of C/EBP is important to the proper differentiation of border cells and the timing of their ment of anterior -posterior polarity or differentiation of posterior follicle cells. In mutant egg chambers lacking Draf migration. In stage 9, Ras activity is required in migrating activity, outer follicle cell rearrangement takes place de-One possibility is that border cell differentiation is only partially disrupted in slbo mutants (this is clearly the case spite the abnormal lateral position of the oocyte and the failure of posterior cell differentiation (Lee et al., 1996) . In since border cells can still be readily distinguished morphologically in slbo mutants). Alternatively, since activated these chambers, two groups of follicle cells develop into border cells, and squamous cells form on either side of each Ras was expressed using a heat shock promoter, some kind of change in the fate or differentiation of the outer follicle cluster. In addition, in grk mutant egg chambers, a few squamous cells form at the posterior, even in the absence of cells may have contributed to the inhibition of their rearrangement. However, it seems likely that the effect was nurse cells (Gonzalez-Reyes et al., 1995; Roth et al., 1995) . Interestingly, oocyte-associated follicle cells always become due, at least in part, to the failure in border cell differentiation, since the rearrangement was only inhibited when slbo columnar, no matter where the oocyte forms. One model to explain these observations is that initiation of outer folli-expression was reduced and slbo expression is border cell specific at this stage. We tried to distinguish these possibili-cle cell rearrangement depends upon induction of squamous cells and that this cell type depends on proper differentia-ties by expressing activated Ras specifically in border cells using the GAL4-UAS system, however, as mentioned pre-tion of anterior polar follicle cells. Outer follicle cell rearrangement may be driven in part by the flattening of ante-viously, activated Ras was lethal in combination with every GAL4 line we tried. rior follicle cells. In addition, it is likely that some interaction between the oocyte and outer follicle cells prevents the squamous shape or induces the columnar shape, re-Progressive Patterning in Oocyte-Associated stricting the squamous change to follicle cells on the surface Follicle Cells of nurse cells. In this study, we found that outer follicle cell rearrangement was impaired when border cell fate was After outer follicle cell rearrangement, further patterning of oocyte-associated follicle cells is important for dorsal-suppressed. In particular, the observation that increased Ras activity at stage 3 only inhibited the outer follicle cell rear-ventral polarization of egg chambers. We found that, between stages 8 and 10, oocyte-associated follicle cells gradu-rangement in the slbo mutant background supports the hypothesis that this rearrangement is initiated by properly ally lost the ability to express the PZ413 dorsal cell marker in response to RAS activity. This observation indicated that differentiated border cells. There are at least two possible explanations for why outer follicle cell rearrangement is not selective activation of Ras in the anterior portion of dorsal follicle cells normally occurs sometime between stage 8 inhibited in slbo mutants unless activated Ras is expressed.
A Role for Anterior Cell Differentiation in Outer
